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A fundamental tenet of human exercise physiology is a predictable oxygen (O 2 ) cost for a 54
given sub-maximal work rate. Upon the initiation of moderate-intensity exercise (i.e. exercise 55 performed at work rates below the gas exchange threshold, GET), pulmonary O 2 uptake ( O 2 ), 56 which closely reflects O 2 consumption in the skeletal muscles (2, 28, 38), rises in an 57 exponential fashion to attain a 'steady-state' within approximately 2-3 min in healthy humans 58 (64). The steady-state increase in O 2 is linearly related to the increase in external work rate; is 59 essentially independent of factors such as age, health status or aerobic fitness; and 60 approximates 10 mL O 2 per minute per Watt of external power output during cycle ergometry 61 (i.e., 10 mL·min -1 ·W -1 ; 36). During supra-GET exercise, O 2 dynamics become more complex 62 owing, in part, to the development of a delayed-onset O 2 'slow component' which elevates the 63 O 2 cost of exercise above 10mL·min -1 ·W -1 (36, 64). 64
65
Whereas it is known that interventions such as training and the inspiration of hyperoxic gas can 66 reduce the O 2 cost of heavy (above the GET but below critical power, CP, 52) and severe 67 (>CP) exercise by reducing the amplitude of the O 2 slow component, the steady-state O 2 68 during moderate exercise is unaffected by these and other interventions in healthy humans (1, 69 15, 36, 51, 65). Surprisingly, however, it was recently reported that 6 days of dietary 70 supplementation with pharmacological sodium nitrate reduced the O 2 cost of sub-maximal 71 cycling at work rates expected to require 45-80% O 2 max (45). That this effect occurred 72 without any increase in estimated non-oxidative energy production (as reflected by an 73 unchanged blood [lactate] ) suggested that sodium nitrate ingestion improved the efficiency of 74 muscle oxidative metabolism. It is known that tolerance to high-intensity exercise is, in certain 75 respects, a function of O 2 max and sub-maximal exercise economy (20) . Therefore, assuming 76 that O 2 max is not altered by dietary nitrate, it is feasible that dietary nitrate supplementation 77 might enhance exercise tolerance. However, this possibility has not been investigated. 78
79
The nitrate anion (NO 3 -) is relatively inert, and thus any biological effects are likely conferred 80 via its conversion to the bioactive nitrite anion (NO 2 -). Inorganic nitrate is rapidly absorbed 81 from the gut and is concentrated in saliva at least 10-fold. In the mouth, facultative anaerobic 82 bacteria on the surface of the tongue reduce NO 3 -to NO 2 -(23). Nitrite can be converted to 83 nitric oxide (NO) in the stomach (6, 47) but it is also clear that some is absorbed to increase 84 circulating plasma [nitrite] (21, 46). We and several other groups have shown that NO 2 -can be 85 converted to NO under appropriate physiological conditions (6). The requisite one electron 86 reduction has variously been reported to be catalysed via xanthine oxidoreductase, 87 haemoglobin, myoglobin, endothelial nitric oxide synthase, and the mitochondrial electron 88 transfer complexes (61). 89
90
There are at least two mechanisms by which NO derived from NO 2 -(rather than from the much 91 better known synthesis of NO from L-arginine by the NO synthase family of enzymes) might 92 influence O 2 utilization by contracting skeletal muscle. Firstly, as all of the known 93 mechanisms for NO 2 -reduction are facilitated by hypoxia, it may be that more NO (which is a 94 potent vasodilator) is generated in parts of muscle which are receiving less or using more O 2 , 95 and therefore this mechanism would help to match local blood flow to O 2 requirement, 96 providing a more homogenous distribution of O 2 within skeletal muscle. However, while this 97 might be beneficial in terms of muscle function, it would not explain a reduced O 2 cost during 98 exercise. A second possible mechanism involves the roles of NO 2 -and NO as regulators of 99 cellular O 2 utilization. For example NO is known to be an important inhibitor of cytochrome 100 oxidase activity (10). More recently, it has been suggested that NO might enhance the 101 efficiency of oxidative phosphorylation by reducing 'slippage' of the mitochondrial proton 102 pumps (17). There is also evidence that NO 2 -can serve as an alternative electron acceptor, 103 theoretically replacing the role of O 2 in respiration (3). 104
105
The diet constitutes the main source of NO 3 -in humans, with vegetables accounting for 60-106 80% of daily NO 3 -intake in a Western diet (67). Given the reported ability of pharmacological 107 sodium nitrate to reduce the O 2 cost of exercise (45), we sought to determine whether similar 108 effects are observed when the NO 3 -dose is administered in the form of nitrate-rich beetroot 109 juice (BR). This is important because sodium nitrate is a pharmaceutical product whereas BR 110 is a natural food product that can be readily ingested as part of the normal diet. We therefore 111 investigated the influence of BR ingestion on plasma [ activities volunteered to participate in this study. None of the subjects were tobacco smokers 124 or users of dietary supplements. All subjects were fully familiar with laboratory exercise 125 testing procedures, having previously participated in studies employing cycle ergometry in our 126 laboratory. The procedures employed in this study were approved by the Institutional Research 127
Ethics Committee. All subjects gave their written informed consent prior to the 128 commencement of the study, after the experimental procedures, associated risks, and potential 129 benefits of participation had been explained. Subjects were instructed to arrive at the 130 laboratory in a rested and fully hydrated state, at least 3 h postprandial, and to avoid strenuous 131 exercise in the 24 h preceding each testing session. Each subject was also asked to refrain from 132 caffeine and alcohol intake 6 and 24 h before each test, respectively. All tests were performed 133 at the same time of day (± 2 hours). 134
135
Procedures 136
137
The subjects were required to report to the laboratory on seven occasions, over a 4-5 week 138 period. During the first visit to the laboratory, subjects performed a ramp incremental exercise 139 test for determination of the O 2peak and gas exchange threshold (GET). All cycle tests were 140 performed on an electronically braked cycle ergometer (Lode Excalibur Sport, Groningen, the 141 Netherlands). Initially, subjects completed 3 min of 'unloaded' baseline cycling, after which 142 the work rate was increased at a rate of 30 W·min -1 until the subject was unable to continue. 143
The participants cycled at a self-selected pedal rate (70-90 rpm), and this pedal rate along with 144 saddle and handle bar height and configuration were recorded and reproduced in subsequent 145 tests. The breath-by-breath pulmonary gas-exchange data were collected continuously during 146 the incremental tests and averaged over consecutive 10-s periods. The O 2peak was taken as the 147 highest 30-s average value attained prior to the subject's volitional exhaustion. The GET was 148 determined as described previously (1, 5) . The work rates that would require 80% of the GET 149 (moderate exercise) and 70% Δ (70% of the difference between the power output at the GET 150 and 2 O V peak , severe exercise) were subsequently calculated with account taken of the mean 151 response time for O 2 during ramp exercise (i.e., two thirds of the ramp rate was deducted from 152 the power output at GET and peak; 63). 153
154
Following completion of the ramp test, subjects were randomly assigned in a cross-over 155 design, to receive 6 days of dietary supplementation with either nitrate (NO 3 -; 5.5 156 mmol·day -1 ; administered as 0.5 L organic beetroot juice per day -1 ; Beet It, James White 157 Drinks Ltd., Ipswich) or "placebo" (low-calorie blackcurrant juice cordial with 158 negligible nitrate content). The subjects were instructed to sip the beverages at regular 159 intervals throughout the day. A 10 day washout separated the supplementation periods. 160
The order between the nitrate and placebo supplementation periods was balanced. The 161 subjects were provided with a list of foods rich in nitrates and asked to abstain from 162 consuming these foods for the duration of the study. The subjects were not aware of the 163 experimental hypotheses to be tested but were informed that the purpose of the study was 164 to compare the physiological responses to exercise following the consumption of two 165 commercially available beverages. The personnel administering the exercise tests were 166 not aware of the type of beverage being consumed by the subjects. 167
168
On days 4, 5 and 6 of the supplementation periods, the subjects completed 'step' exercise tests 169 from a 20 W baseline to moderate and severe intensity work rates for the determination of 170 pulmonary O 2 dynamics. On the fourth day of supplementation, subjects completed two bouts 171 of moderate cycling, while on days five and six the subjects completed one bout of moderate 172 cycling and one bout of severe cycling. The two bouts of exercise on each day were separated 173 by 25 min of passive recovery. All exercise bouts were of 6 min duration, with the exception 174 of the severe exercise bout on the final day which was continued until task failure as a measure 175 of exercise tolerance. The time to task failure was recorded when the pedal rate fell by >10 176 rpm below the self-selected pedal rate. In these bouts, the subjects were verbally encouraged 177 to continue for as long as possible. The O 2 responses to the four moderate and two severe 178 exercise bouts were averaged prior to analysis to reduce breath-to-breath noise and enhance 179 confidence in the parameters derived from the modeling process (44). Before each exercise 180 bout, blood pressure was measured and venous blood samples were collected for subsequent 181 determination of plasma [nitrite] (see 'Measurements'). continuously at 2 Hz and used to estimate concentration changes from the resting baseline for 211 oxygenated, deoxygenated, and total tissue hemoglobin/myoglobin. Therefore, the NIRS data 212 represent a relative change based on the optical density measured in the first datum collected. 213
The [HHb] signal can be regarded as being essentially blood-volume insensitive during 214 exercise and so was assumed to reflect the balance between local O 2 supply and utilization and 215 to provide an estimate of changes in O 2 extraction in the field of interrogation (1, 22, 24, 30) . 216
The leg was initially cleaned and shaved around the belly of the muscle, and the probes were 217 placed in the holder, which was secured to the skin with adhesive at 20 cm above the fibular 218 head. To secure the holder and wires in place, an elastic bandage was wrapped around the 219 subject's leg. The wrap helped to minimize the possibility that extraneous light could 220 influence the signal and also ensured that the optodes did not move during exercise. Pen marks 221
were made around the probes to enable precise reproduction of the placement in subsequent 222 tests. The probe gain was set with the subject at rest in a seated position with the leg extended 223 at down stroke on the cycle ergometer before the first exercise bout, and NIRS data were 224 collected continuously throughout the exercise protocols. The data were subsequently 225 downloaded onto a personal computer, and the resulting text files were stored on disk for later 226 analysis. 227 The breath-by-breath O 2 data from each test were initially examined to exclude errant breaths 262 caused by coughing, swallowing, sighing, etc., and those values lying more than four standard 263 deviations from the local mean were removed. The breath-by-breath data were subsequently 264 linearly interpolated to provide second-by-second values and, for each individual, identical 265 repetitions were time-aligned to the start of exercise and ensemble-averaged. The two severe 266 exercise bouts were of different duration (6 min for the first bout and > 6 min in the second 267 bout which was performed to task failure) and so, at this intensity, only the first 6 min of data 268
were averaged together and modeled. The first 20 s of data after the onset of exercise (i.e., the 269 phase I response) were deleted and a nonlinear least-square algorithm was used to fit the data 270 thereafter. A single-exponential model was used to characterize the O 2 responses to moderate 271 exercise and a bi-exponential model was used for severe exercise, as described in the following 272 equations: (Table 1) . Overall, systolic blood pressure was reduced by 6 348 mmHg across the six samples points (Fig 2) The pulmonary O 2 response during moderate exercise is highlighted in Fig 5 and the  378 parameters derived from the model fit are presented in (Tables 2 and 3) . 392
393
Severe exercise 394
395
The pulmonary O 2 response during severe exercise is shown in Fig 6 and the parameters  396 derived from the bi-exponential fit are presented in Table 2 . In contrast to the effects observed 397 for moderate exercise, the primary O 2 amplitude during severe exercise was significantly 398 -intake could also be attributed, in 535 part, to a reduced ATP cost of force production, requiring less flux through oxidative 536 phosphorylation. One of the most energetically costly processes during skeletal muscle 537 contraction is sarcoplasmic reticulum (SR) Ca 2+ pumping, which may account for up to 50% of 538 the total ATP turnover (7). The presence of reactive oxygen species (ROS) increases the 539 opening probability of the SR Ca 2+ release channels (48), and the active reuptake of the 540 elevated cytosolic Ca 2+ would present a considerable energetic challenge (7). NO donors 541 which invoke small elevations in NO might protect the channel against oxidation-induced Ca The physiological responses during severe exercise were different to those observed during 550 moderate exercise, suggesting that the influence of NO 2 -and/or NO on muscle function are 551 specific to the exercise intensity domain being investigated. Firstly, there were no significant 552 differences in NIRS-derived indices of muscle oxygenation between the NO 3 -and placebo 553 conditions during severe exercise, though this might be a function of the fact that severe 554 exercise always followed moderate exercise in our experiments. Moreover, in contrast to the 555 reduced steady-state O 2 observed during moderate exercise following increased NO 3 -556 consumption, the amplitude of the primary or fundamental component O 2 response during 557 severe exercise was increased (by ~7%) and the amplitude of the subsequent O 2 slow 558 component was reduced (by ~23%), with the O 2 at the point of task failure being not 559 significantly different between the conditions. These changes in O 2 kinetics during high-560 intensity exercise following dietary NO 3 -supplementation resemble those which are observed 561 following an initial 'priming' bout of high-intensity exercise (15, 35, 45), effects which have 562 been attributed, either separately or in combination, to increased muscle O 2 delivery, increased 563 oxidative metabolic enzyme activity and carbon substrate availability, and altered motor unit 564 recruitment patterns (15, 35, 45). We have previously reported that NOS inhibition with L-565 NAME significantly increased the amplitude of the O 2 slow component and speculated that 566 this might be related to changes in muscle O 2 delivery or its distribution and/or to (related) 567 changes in motor unit recruitment patterns (39). It is presently unclear which, if any, of the 568 above-named mechanisms contributed to the altered O 2 kinetics during severe exercise 569 following dietary NO 3 -supplementation. Myocytes in close proximity to a capillary are 570 advantaged with respect to muscle O 2 availability, whereas myocytes situated further away are 571 increasingly less well supplied with O 2 , creating an O 2 pressure gradient within the contracting 572 muscles. The hypoxic and acidic milieu within and surrounding the distal myocytes might 573 stimulate NO 2 -reduction to NO facilitating vasodilatation, and thus delivery of O 2 . The NO so 574 produced is capable of diffusion and may inhibit mitochondrial O 2 consumption in the 575 myocytes proximal to the capillary bed, promoting deeper diffusion of the available O 2 (32, 59) 576 and therefore enabling a more appropriate matching of local O 2 delivery to O 2 requirement. 577
Another possibility is that the increased NO availability following increased dietary NO 3 -578 intake promotes mitochondrial biogenesis (16, 50). However, irrespective of the mechanism(s) 579 involved, the return of O 2 kinetics towards first-order linear system dynamics during severe 580 exercise will likely limit the rate at which metabolites which have been associated with the 581 fatigue process (e.g., H + , P i , ADP) accumulate in skeletal muscle (14), effects which would be 582 expected, in turn, to portend enhanced exercise tolerance. 583
584
The p was significantly longer (i.e. phase II pulmonary O 2 kinetics was slower) following 585 NO 3 -supplementation relative to placebo for severe exercise (group mean p 40 vs. 33 s for BR 586 and placebo, respectively). This is consistent with our previous reports that the p was 587 significantly faster when NOS activity was inhibited by L-NAME (38, 39, 66). The p was also 588 slightly longer during moderate exercise (group mean p 29 vs. 26 s for BR and placebo, 589 respectively), but this difference was not statistically significant. While it is acknowledged that 590 changes in muscle blood flow, which might occur with greater or lesser NO availability, have 591 the potential to dissociate the normally close relationship between muscle and pulmonary O 2 592 kinetics (2), our data suggest that NO might have an important regulatory influence on the 593 ramp incremental exercise (37) and supra-maximal step exercise (66). Although the 619 mechanism for the enhanced performance observed in the present study is uncertain, an 620 interesting possibility is that an elevation of tissue s-nitrosothiols with increased dietary nitrate 621 intake (13) prevents thiols undergoing irreversible oxidative modification as a consequence of 622 the production of ROS (12, 54), an effect which is known to compromise skeletal muscle force 623 production (25). We wish to stress here that while the 16% improvement in the time to task 624 failure during severe constant-work-rate exercise is impressive, the magnitude of effect would 625 be expected to be much smaller during time-trial exercise tasks in which a given distance is 626 completed in the shortest possible time (34). Nevertheless, it is possible that the effect might 627 still be meaningful in terms of performance enhancement. 1.0 ± 0.2 1.1 ± 0.5 End (mM) 6.9 ± 1.6 6.9 ± 1.2 Δ (mM) 5.9 ± 1.6 5.7 ± 1.0 Exhaustion (mM) 10.0 ± 1. 
